Existing military communication systems use large, very expensive, heavily tasked "national asset" communications satellites located in geostationary orbits, often supplemented by leased capabilities on commercial satellites. As data and voice communication needs have increased with the adoption of network-centric warfare operations, these assets may becoming increasingly oversubscribed and unavailable when needed by tactical warfighters. The Air Force has established an office of Operational Responsive Space (ORS) to address these and other challenges.
INTRODUCTION
Existing military communication (SATCOM) systems use large, very expensive, heavily tasked "national asset" communications satellites located in geostationary orbits, often supplemented by leased capabilities on commercial satellites. As data and voice communication needs have increased with the adoption of network-centric warfare operations, these assets are becoming increasingly oversubscribed and unavailable when needed by tactical warfighters. In addition, they do not always provide adequate security and coverage in the geographic areas where they are needed. The Air Force has established an office of Operational Responsive Space (ORS) to address these and other challenges.
Since the outset of the ORS initiative, warfighters have identified secured UHF communications for mobile and forward-deployed users as one of the highest priorities for mission success 1 .
All previous program efforts have focused on low-earth orbit (LEO) or highly-elliptical orbit (HEO) operations, which have limited utility due to short periods of overhead visibility, especially for LEO satellites. To overcome this limitation, most LEO operating concepts call for constellations of 4-6 satellites, increasing cost and operational complexity 2 
.
The Geo Small Sat (GSS) concept is less complex than a LEO constellation system, employing only a single small UHF communications satellite with a large deployable antenna, located in a geostationary orbit over a region of interest. The proposed small, highly capable satellite will provide 24/7 communication coverage, will be adaptable to be able to overcome unintentional or hostile interference, and will be reconfigurable to support all UHF and L-band communication networks. Making this novel solution a reality will require the use of several key mission technologies:
• Compatibility with existing responsive launch vehicles capable of delivering the satellite into LEO .
• A GEO-transfer propulsion system capable of placing the satellite into the desired geostationary orbit from LEO.
• A small satellite capable of operating in a geosynchronous orbit and maintaining a communications payload weighing less than 120 kg • A deployable antenna (18 meters in diameter), that can be packaged within the available launch volume and weighing less than 132 kg
The Geo Small Sat (GSS) incorporates all of these elements to provide warfighters with a communications capability that will far exceed that previously envisioned for LEO systems, while remaining compatible with the ORS goals of low-cost and responsiveness. This concept has a very high potential payoff, with reasonably low levels of risk due to previous demonstrations of the critical technologies.
SYSTEM REQUIREMENTS
There are two primary system requirements for GSS: One is to be compatible with an existing small responsive launch vehicle which is currently or soon to be supportive of DOD satellite deployment; the other is for the satellite communication payload to be compatible with current or soon to be deployed military tactical ground communication systems.
LAUNCH VEHICLE
The first primary system requirement indicates the evaluation of all small responsive launch vehicles. The list of launch vehicles ranges from SpaceX's Falcon to Orbital's Minotaur, Taurus and Pegasus. The Minotaur launch vehicles are considered by AFRL as a responsive capability at a cost-effective price 3 . Table 1 lists the published data for each of the candidate vehicles. The Minotaur IV is capable of launching the GSS from the Reagan Test Site (RTS), delivering 1,750 kg to a 185 x 1,000 km orbit with a 9° inclination. 8 Minotaur IV was chosen because it has one of the best mass/dollar capabilities of current launch vehicles at $5,100/lb. 
INTEGRATED PROPULSIONS SYSTEM (IPS)
The Integrated Propulsion system (IPS) needed to transfer the GSS from LEO to GEO will be either a Nitrous Oxide/Ethane or a Hydrazine/Nitrogen Tetroxide bipropellant system. Each of these systems will provide a specific impulse (I sp ) of 300 seconds or greater. The bipropellant hydrazine system is based on the existing flight-qualified AmPac ISP LEROS 1B. 9 The I sp for the LEROS 1B is 318 seconds, as shown in Figure 2 . The reason for using a lower I sp (300 vs. 318) for the sizing of the integrated propulsion system (IPS) is that it facilitates the use of an alternate non-toxic propellant system. One such system is a Nitrous Oxide/Ethane bipropellant system. The advantage of the Nitrous Oxide/Ethane is that both propellants are self-pressurized and non-cryogenic for long-term storage in space. 10 This system is not flight-proven, but has great potential to remove the hazardous handling and environmental effects of a hydrazine system. The IPS will perform a burn at the parking orbit's perigee to raise the apogee to geosynchronous altitude, where it will perform a circularization burn. Assuming a 185 x 1000 km parking orbit and using a Hohmann transfer, a total delta-V of 4,160 m/s is needed to achieve geostationary orbit (calculated using AGI's STK Astrogator software). Once on station, the propulsion system's primary and RCS thrusters will be used for future burns to perform momentum wheel desaturation, station keeping, and end-of-life disposal. These on-station maneuvers will require a total delta-V of 184.3 m/s for a Taylor   4 22 nd Annual AIAA/USU Conference on Small Satellites three year mission. This is based on 53.5 m/s for North/South plus 1.8 m/s for East/West station-keeping per year at GEO.
MODEL
11 Spacecraft disposal, conducted in accordance with United States Space Command Policy Directive 10-39 12 will require an additional 18.4 m/s. The total delta-V needed for transfer to GEO and 3 year mission operations is 4,345 m/s.
To support this total impulse, the IPS can use either of the previously mentioned propellant systems, and will weigh < 1,500 kilograms based on a mass fraction of .90 and an I sp of 300. The remaining mass allowable for the satellite and payload is 250 kg, based on the Minotaur IV capability of delivering 1,750 kg to the parking orbit from RTS. This mass allocation analysis highlights the critical primary requirement of the GSS system to be massefficient.
The IPS will meet the mass requirements by receiving its attitude determination, navigational data, and communications from the satellite bus. In turn, the propulsion system's support structure provides electrical power to both itself and the satellite bus on orbit. This configuration reduces the GNC, comm., and power hardware boxes required for the system, thereby saving weight and cost. Unlike typical booster propulsion systems, it will remain with the bus on orbit. Developed under a study contract with NRL, the SDR Payload is based on a reconfigurable, multi-mode, multimission radio which provides autonomous, distributed voice and data communications among widely and dissimilar tactical assets. The compatibility of the low gain ground antennas enables mobile tactical units to receive and transmit highspeed data while on the move. This is especially important relative to today's convoy communication requirements for real-time data to the warfighters.
In addition to supporting the military communication frequencies (UHF and S-band) for tactical units, the GSS system is adaptable to commercial wireless frequencies (cellular service from 700 MHz to 2.1 GHz).
DEPLOYABLE ANTENNA
The 18-m antenna system uses a deployable reflector structural architecture with heritage going back to the 1980s ( Figure 6 ). This design has been updated with the latest deployable structures technology through an ongoing development effort over the last four years. As a result of this work, the hoop and column deployable dish architecture meets the system's mass goal (132 kg) and enables it to fit in a Minotaur IV launch vehicle fairing. The hoop structural element is formed by three deployable booms, attached end-to-end and forming a triangle shape when packaged. As shown in Figure 7 , the three booms are deployed simultaneously, forming a hoop that grows in diameter as the booms deploy. The boom deployment unfurls a mesh reflector. Once the hoop is fully formed, a fourth boom is deployed normal to the plane of the hoop, forming the "column". This column is attached at both ends by deploying lanyards that keep it located in the hoop's center. One end of the column is attached to the spacecraft bus, at the reflector's focal point. At the other end, the boom attaches several reflector-shaping lanyards as well as the hoop attachment lanyards. Taylor   6  22 nd Annual AIAA/USU Conference on Small Satellites The resulting deployable structure acts as both the structure and focus boom. A small prototype of this concept was constructed and successfully deployed in the 1980's by NASA Langley. 15 At the time, the existing boom technologies did not allow mesh attachment at the required number of locations on the hoops, making the system overly complex. 15 Current Jackscrew boom technology overcomes this limitation. In contrast to prior deployable booms, the batten frames in a Jackscrew boom are translated along the boom's axis. In addition, these batten frames are exposed and available for payload integration throughout the deployment process. (Prior coilable and articulated boom systems involve rotational batten frame kinematics and require deployment canisters which hamper payload integration.)
As a result, the Jackscrew boom technology has enabled a robust, large-diameter deployable reflector that can be packaged into a compact volume for launch. A detailed mass breakdown of the antenna is listed Table 3 . The photos in Figure 9 show the Jackscrew boom technology during a ground test. 16 , which graphs the mass vs. diameter of existing deployable antennas. As shown in Figure 10 , the GSS deployable antenna (130 kg at 18-m in diameter) is close to the best fit line for mesh deployable antennas. The best fit line (does not include the 225 kg/10-m data point due to its large variance from the rest of the data) and the GSS antenna was added to the NASA chart in Figure 10 . 
SATELLITE BUS
The composite constructed bus houses a standard suite of satellite components. The bus integrates both payload and propulsion functions by sharing sensors, computers, and power between subsystems and common structural elements. The total mass budget allocation (Table 4) for the payload and bus is < 250 kg. Note that the 18-m antenna mass has an additional contingency factor of 10% added on top of the contingency already applied in the detailed antenna mass breakdown. The payload-to-bus interface is geometrically sandwiched between the propulsion system and deployable antenna. The propulsion system uses the IMU, flight computer, sensors and communication components from the bus to navigate the GSS from LEO to GEO. The major components supporting the GSS mission are: three A-size reaction wheels, flight computer, S-band satellite communication system, star tracker and IMU, as well as payload avionics and batteries to power both the bus and payload throughout the maximum solar eclipse of 70 minutes. The Li-ion batteries have been sized for 1040 watt-hours to supply the continuous 400 watts required Taylor   8  22 nd Annual AIAA/USU Conference on Small Satellites for the bus's 120-W load and payload's 275-W load, during eclipse. The allocated mass for the solar array is based on 3 kg/sq meter.
The interface between the IPS and bus includes power, since the deployable solar arrays (3 sq meter area) are mounted to the IPS to allow placement of the feed antenna and radiator on the bus housing, and minimize solar blockage due to the IPS. The structural interface is through the mounting location atop the IPS, which will remain attached for the entire mission.
The structural interface between the bus and payload is the drive mechanism of the deployable antenna attachment at the edges of the bus's top deck. There are only electrical (motor drives) and sensor/data interfaces between the bus and antenna payload. The payload avionics (radio and amplifier) are mounted internally to the bus. There is an added interface between the bus and RF feed for the antenna. The RF feed is a circular antenna hinged to the side of the bus to radiate the reflector.
GEO SMALL SAT OVERALL CONCEPT SUMMARY
The proposed system uses an 18-meter diameter deployable mesh dish reflector. While deployable mesh reflectors have been used for many years on large communication satellites, the GSS will use a new type of deployable reflector that can be packaged into a much smaller volume than existing 18-meter systems, by using the hoop and column technology. Figure 11 shows the stowed configuration of the GSS. Figure 12 andFigure 13 show the deployed configuration of GSS with the reflector and the solar array deployed. The combination of the 18-m diameter antenna and the software defined radio enables high speed (256 Kbps) communication with tactical military MUOS equipment.
In addition to the antenna, the other enabling technology is the adaptation of existing propulsion systems to generate adequate delta-V to place a useful payload in GEO while using a small responsive launch vehicle like the Minotaur IV. The volume and weight constraints of the launch vehicle have been met, thereby enabling the rapid deployment of 24/7 GEO communication with a single satellite, as compared to a network of multiple LEO satellites. By breaking out of the existing LEO small satellite paradigm, this novel approach offers operational advantages that cannot be achieved by any other means. The GSS supports the ORS goal of meeting the rapidly changing communication needs of the warfighter on the move.
